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Abstract
Background The inhibitive effect of the aqueous extract
of Rothmannia longiflora (RL) on the corrosion of mild
steel in 1 M HCl and 0.5 M H2SO4 solutions was investi-
gated by weight loss measurement as well as potentiody-
namic polarization and electrochemical impedance
spectroscopy measurements.
Result The extract was found to efficiently inhibit the
corrosion process in both environments and inhibition
efficiency increased with increasing extract concentration
as well as rise in temperature. Data from electrochemical
measurements suggest that the extract functioned by
adsorption of the organic matter on the metal/corrodent
interface, inhibiting both the anodic and cathodic half
reactions of the corrosion process.
Conclusion The result obtained from this study clearly
shows that RL functioned as a good inhibitor for the cor-
rosion of mild steel in 1 M HCl and 0.5 M H2SO4 solutions
and the inhibiting efficiency value increased with the
inhibitor concentration. The adsorption of the RL on the
mild steel surface in acid solution obeyed Langmuir
adsorption isotherm.
Keywords Rothmannia longiflora  Corrosion inhibition 
Mild steel
Background
Several researchers [1–9] have studied the effects of some
synthetic organic inhibitors on the corrosion of steel in
hydrochloric and sulphuric acid solutions. The efficiency of
these inhibitors is related to the presence of polar functions
with S, O or N atoms in the molecule, heterocyclic com-
pounds and p-electrons [10–12]. Such compounds can
adsorb onto the metal surface and block the active surface
sites, thus reducing the corrosion rate. The polar function is
usually regarded as the reaction center for the establish-
ment of the adsorption process [13, 14]. The known haz-
ardous effects of most synthetic organic inhibitors and
restrictive environmental regulations [15] have made it
necessary to search for cheaper, non-toxic and environ-
mentally friendly natural products as corrosion inhibitors.
These natural organic compounds are either synthesized or
extracted from aromatic herbs, spices and medicinal plants.
Most of the natural products of plant origin are non-toxic,
biodegradable and readily available in sufficient quantity in
addition to meeting the structural considerations. Various
plant parts: seeds, fruits, leave and flowers [16–26] were
extracted and used as corrosion inhibitors. The results from
these studies confirm that biomass extracts possess
remarkable abilities to inhibit the corrosion reaction.
Rothmannia longiflora (RL) belongs to family Rubi-
aceae and widely distributed in Africa from Gambia east to
Sudan and Kenya, and south to Tanzania and Angola. The
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fruits of RL are commonly used to make blue–black
markings on the hands, face and body, sometimes to imi-
tate tattooing. RL is considered to have febrifugal and
analgesic properties, and a decoction of the leaves, twigs,
bark and roots is applied internally or externally in lotions,
washes and baths. In Nigeria, the leaves are used to treat
itching skin diseases and the fruit pulp is said to be emetic.
No specific chemical study of the colorants or dye-pre-
cursors present in the flowers, fruits or leaves is available
for RL. From the fruits, branches and leaves however,
4-oxonicotinamide-1-(1-b-D-ribofuranoside) (RBF) has
been isolated [27, 28]. The fruit also contains monomethyl
fumarate (MMF) and D-mannitol (DMT).
RL has never been studied for the purpose of corrosion
inhibition. The present paper reports on the inhibiting
effect of leaf extract of RL on the acid corrosion of mild
steel. It is believed that the strong adsorption properties of
the plants’ pigments on the human skin will be also
applicable on the metal surface. Corrosion inhibition effi-
ciency (IE) has been experimentally evaluated using
gravimetric, electrochemical impedance and potentiody-
namic polarization techniques. In addition, adsorption
mechanism and relationship between molecular structure
and IE are examined by quantum-chemical calculations.
Methods
Gravimetric measurements
Gravimetric experiments were conducted on test coupons of
dimension 3 cm 9 3 cm 9 0.14 cm. Before each experi-
ment the coupons were abraded using emery papers (grades
200–1000) washed with distilled water and dried in acetone
and warm air. The coupons were then weighed and sus-
pended in beakers containing the test solutions using glass
hooks and rods. Tests were conducted under total immersion
conditions in 300 mL of the aerated and unstirred test solu-
tions. The coupons were retrieved after 24 h, immersed in
20 % NaOH solution containing 200 g L-1 of zinc dust,
scrubbed with bristle brush under running water, dried and
reweighed. The weight loss was taken as the difference
between the initial and final weights of the coupons. All tests
were run in triplicate and the data showed good repro-
ducibilitywith standard deviation ranging from0 to 0.00065.
Average values for each experiment were obtained and used
in subsequent calculations. The weight losses were used to
calculate the corrosion rates as follows:
CR mg cm
2 h1
  ¼ Dw
st
; ð1Þ
where Dw is weight loss (mg), s is area of specimen (cm2)
and t is the immersion time in h.
The degree of surface coverage (h) and inhibition effi-
ciency (IE%) were calculated as follows:
h ¼ wo  w1
wo
; ð2Þ
IE% ¼ wo  w1
wo
 100: ð3Þ
wo and w1 are the weight loss in absence and presence of
inhibitor, respectively.
Electrochemical measurements
Metal samples for electrochemical experiments were of
dimensions 1.5 cm 9 1.5 cm. These were subsequently
sealed with epoxy resin in such a way that only one square
surface of area 1.0 cm2 was left uncovered. The exposed
surface was degreased in acetone, rinsed with distilled
water and dried in warm air. Electrochemical experiments
were conducted in a conventional three-electrode cell using
a VERSASTAT 400 complete DC voltammetry and cor-
rosion system, with V3 Studio software. A platinum foil
was used as counter electrode and a saturated calomel
electrode as reference electrode. The latter was connected
via a Luggin’s capillary. Measurements were performed in
aerated and unstirred solutions at the end of 1 h of
immersion at 303 K. Impedance measurements were made
at corrosion potentials (Ecorr) over a frequency range of
100 kHz to 10 mHz, with a signal amplitude perturbation
of 5 mV. Potentiodynamic polarization studies were car-
ried out in the potential range ±350 mV versus corrosion
potential at a scan rate of 0.33 mV s-1. Each test was run
in triplicate to verify the reproducibility of the data. The










where (Rct,bl) and (icorr,bl) are the polarization resistance and
corrosion current density, respectively, measured in solution
without inhibitor and (Rct,inh) and (icorr,inh) are the same
parameters determined in the solutions containing inhibitor.
Theoretical study
For theoretical study complete geometry of RL molecules
was optimized at the DFT Dmol3 module, using DND basis
set and the Perdew–Wang local correlation density func-
tional available in Material Studio 4.0 program. The
molecular structures were first subjected to geometry opti-
mization using COMPASS force field and then distribution
of frontier molecular orbital including the highest occupied
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molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) obtained from this optimized
structure. Although the experimental work here is done
entirely in liquid phase, however, based on similar research
work [1, 29–31] which has employed gas phase theoretical
analysis to evaluate the liquid phase experimental results
(they obtained satisfactory correlations between gas phase
theoretical analysis and liquid phase experimental results),
similar theoretical approach is followed.
Results and discussion
Effect of inhibitor concentration
To study the effect of inhibitor concentration on the IE,
weight loss experiments were carried out in both acid
solutions at 303 K for 24 h immersion period. The varia-
tion of IE with increase in inhibitor concentration is shown
in Fig. 1. The extract can be seen to exhibit corrosion
inhibiting effects in both acid media, at all concentration
used in this study, reaching a maximum IE of 90.92 and
96.50 % in 1.0 M HCl and 0.5 M H2SO4 solutions at the
optimum concentration of 1000 mg/L. The values of the
weight loss and percentage IE (IE%) obtained from weight
loss method at different concentrations of RL leaves at
303 K are summarized in Table 1. The results clearly
depict higher corrosion susceptibility of the mild steel
specimen in 0.5 M H2SO4 solution as well as a better
performance of the extract than in the HCl solution.
Electrochemical impedance spectroscopy (EIS)
In order to obtain information about the kinetics of iron
corrosion in presence of RL extracts, the electrochemical
process taking place at the open-circuit potential was
examined by EIS. EIS measurements of the steel electrode
in 1.0 M HCl and 0.5 M H2SO4 solutions without and with
the lowest and the highest concentrations of RL were
obtained after 30 min at its open-circuit potential. The
recorded EIS spectrum for steel in 1 M HCl and 0.5 M
H2SO4 is shown in Fig. 2. The impedance diagrams in the
absence and presence of the extract show only one
depressed capacitive loop, which is attributed to the one
time constant. The diameter of Nyquist plots increased on
increasing the concentration of RLE indicating strength-
ening of inhibitive film. The obtained impedance diagram
(Nyquist) contains a depressed semicircle and such
behavior characteristic of solid electrode is attributed to
surface roughness and inhomogeneities of metal electrodes
[13, 15, 32]. In these cases, the parallel network polariza-
tion resistance and double layer capacitance (Rct–Cdl) are


















 0.5 M H2SO4
Fig. 1 Variation of inhibition efficiency with RL extracts concen-
tration in acid solutions at 303 K
Table 1 Weight loss data
during the corrosion of mild
steel in the absence and
presence of RL extract in acid
solutions
Systems Weight loss (mg) Corrosion rate (mg cm-2 h-1) Inhibition efficiency (%)
1 M HCl 159.70 0.2177
50 mg L-1 34.50 0.0470 78.40
200 mg L-1 24.80 0.0338 84.47
400 mg L-1 21.80 0.0297 86.38
600 mg L-1 18.50 0.0252 88.42
800 mg L-1 17.30 0.0236 89.20
1000 mg L-1 14.50 0.0198 90.92
0.5 M H2SO4 694.80 0.9470
50 mg L-1 174.40 0.2377 74.91
200 mg L-1 85.00 0.1159 87.77
400 mg L-1 43.10 0.0587 93.80
600 mg L-1 29.80 0.0406 95.70
800 mg L-1 28.20 0.0398 95.80
1000 mg L-1 24.40 0.0336 96.50
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usually a poor approximation especially for system where
an efficient inhibitor is used. For the description of a fre-
quency independent phase shift between an applied alter-
nating potential and its current response, a constant phase
element (CPE) is used instead of capacitance (C). The CPE




where ZCPE is the impedance of CPE, A is the CPE con-
stant, x is the angular frequency, j is the imaginary unit
(-1)1/2, n is the surface irregularity. The CPE, which is
considered a surface irregularity of the electrode, causes a
greater depression in Nyquist semicircle diagram [35],
where the metal–solution interface acts as a capacitor with
irregular surface. If the electrode surface is homogeneous
and plane, the exponential value (n) becomes equal to 1
and the metal–solution interface acts as a capacitor with
regular surface, i.e., when n = 1, A = capacitance. The
capacitance values of the electrical double layer were




Simulation of Nyquist plots with Randle’s model contain-
ing CPE instead of capacitance and charge transfer resis-
tance (Rct) (Fig. 3), showed excellent agreement with
experimental data. The main parameters deduced from the
analysis of Nyquist diagram for 1 M HCl and 0.5 M H2SO4
without and containing RL extract are given in Table 2. On
increasing RLE concentration from 50 to 1000 mg/L, the
charge transfer resistance (Rct) increased and capacitance
(A) decreased indicating that increasing RLE concentration
decreased corrosion rate. Decrease in the capacitance was
caused by reduction in local dielectric constant and/or by
increase in the thickness of the electrical double layer. This
fact suggests that the inhibitor molecules acted by
adsorption at the metal/solution interface [21, 36, 37]. On
the other hand the decrease in Cdl with increase in con-
centration was the result of an increase in the surface
coverage by the inhibitor, which led to an increase in the
IE. The thickness of the protective layer, dorg, was related




where eo is the dielectric constant and er is the relative
dielectric constant. Since adsorption of an organic inhi-
bitor on a metal surface involves the replacement of
water molecules and other ions originally adsorbed on
the surface, the smaller dielectric constant of organic
compounds compared to water as well as the increased
thickness of the double layer due to inhibitor adsorption
act simultaneously to reduce the interfacial capacitance
[38–40]. This provides experimental evidence of
adsorption of the extract organic matter on the corroding
mild steel surface.




































Fig. 2 Electrochemical impedance spectra (Nyquist plots) of mild
steel without and with RL in: a 1 M HCl solution and b H2SO4
solution
Fig. 3 Equivalent circuit model represents the metal/solution inter-
face, CPE constant phase element, Rct charge transfer resistance Rs
solution resistance
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Potentiodynamic polarization measurements
Potentiodynamic polarization plots illustrating the effect of
RLE on the anodic and cathodic processes for mild steel
corrosion in 1 MHCl and 0.5 MH2SO4 solutions are shown
in Fig. 4a, b. The plots illustrate clearly that RLE functioned
by different mechanisms in 1 M HCl and 0.5 M H2SO4
solutions. RL functioned via a mixed inhibition mechanism
in 1 M HCl solution, reducing the anodic and cathodic cur-
rents, with a slight shift of Ecorr in the anodic direction. In
0.5 M H2SO4 solutions on the other hand, a considerable
displacement of Ecorr in the cathodic direction is observed
and the cathodic reaction is significantly inhibited, which
means that RL performed essentially as a cathodic inhibitor.
The extrapolation of the Tafel straight lines allows the
calculation of the corrosion current density (icorr). The values
of icorr, the corrosion potential (Ecorr), cathodic and anodic
Tafel slopes (bc and ba) and IE% are given in Table 3. The
IE % was calculated using Eq. (5). The change in bc and ba
values as shown in Table 3 indicates that adsorption of RLE
modified the mechanism of anodic dissolution as well as
cathodic hydrogen evolution. The displayed data show that
the addition of RL extract decreased the corrosion current
density in both acid media and the decrease was more pro-
nounced with increasing RL concentration. The data
obtained from PDP are in good agreement with those
obtained from EIS and weight loss methods. Table 4 com-
pares the IE% obtained from the various techniques and
shows that the weight loss measurements were higher than
those obtained based on the other techniques. This indicates
that the adsorption of RL extract is not strongly dependent on
the potential in contrast to the results obtained through the
polarization resistance. On the other hand, the high IE%
values found indicate a strong adsorption favored by the long
duration of theweight loss experiment. Therefore, theweight
loss experiments confirm the electrochemical results
regarding the adsorption of RL extract on the mild steel
surface forming a protective film barrier.
Effect of immersion time
The variation of IE with immersion time in both HCl and
H2SO4 solutions obtained from weight loss data is shown
in Fig. 5. The plot clearly shows a more significant
increase in IE% with time in HCl solution compared to the
H2SO4 solution. The plot also shows a more rapid decrease
in efficiency in the HCl solution suggesting that the extract
is more stable in the H2SO4 solution. It obvious that the
weight loss varied linearly with immersion time in plain
Table 2 Impedance parameters
for mild steel corrosion in 1 M
HCl and 0.5 M H2SO4 solutions
without and with RL extract at
303 K
Systems Rs (X cm
2) Rct (X cm
2) Cdl (lF cm
-2) n IEE%
1.0 M HCl 1.313 33.68 82.30 0.7791
50 mg L-1 RL 0.902 67.04 40.72 0.820 51.54
1000 mg L-1 RL 4.307 206.6 13.45 0.8938 83.70
0.5 M H2SO4 2.946 15.94 255.01 0.8361
50 mg L-1 RL 3.292 37.99 97.70 0.8668 52.30
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Fig. 4 Potentiodynamic polarization curves of mild steel in a 1 M
HCl and b 0.5 M H2SO4 solutions without and with RL extract at
303 K
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acid and inhibited acid, showing the absence of insoluble
product on steel surface [25].
Effect of temperature
Generally, the corrosion rates of mild steel in acidic solu-
tions increase with rise in temperature. This is due to a
decrease in the hydrogen evolution overpotential, resulting
in higher dissolution rates of metals. A higher rate of
hydrogen gas generation increasingly agitates the metal–
corrodent interface and depending on the nature of the
metal/inhibitor interactions, could hinder inhibitor adsorp-
tion, perturb already adsorbed inhibitor or actually enhance
inhibitor adsorption. In order to understudy the temperature
dependence of corrosion rates in uninhibited and inhibited
solutions, gravimetric measurement was carried out in the
temperature range 303–333 K in the absence and presence
of 50 and 1000 mg L-1 RL. Calculated values of the
corrosion rates and IEs are shown in Table 4. Inspection of
the data shows that the corrosion rate of the mild steel in all
systems increased with temperature, though the effect is
significantly subdued in inhibited solution, which means
that the rate of adsorption of RL extract increased as well
with rise in temperature. Enhanced inhibitor adsorption at
higher temperatures is more clearly reflected by the trend
of increasing IE with rise in temperature, which is an
indication that some of the extract components become
well adsorbed at higher temperature and so contribute more
to the overall inhibiting effect.
The dependence of corrosion rate on temperature can be
expressed by the Arrhenius equation:
log CR ¼ Ea
2:303RT
þ A; ð9Þ
where Ea is the apparent effective activation energy, R is
the general gas constant and A is the Arrhenius pre-expo-
nential factor. A plot of log of corrosion rate versus
1/T gave a straight line as shown in Fig. 6 with a slope of
-Ea/2.303R.
The values of the activation energies are listed in
Table 5. The data shows that the thermodynamic activation
functions (Ea) of the corrosion reaction of mild steel in 1 M
HCl and 0.5 M H2SO4 solutions in the presence of extract
are lower than those in the free acid solution indicating that
the extract exhibit high IE (%) at elevated temperatures.
This means that the extract is more effective at higher
temperature. According to Popova et al. [41], unchanged or
lowered activation energies in inhibited solutions when
compared to that in its absence indicates a specific type of
adsorption of the inhibitors, while Szauer and Brandt [42]
associate this behavior with the chemisorptions of inhibitor
to the metal surface. Taken into consideration the cited
references and the Ea value calculated from Arrhenius
Table 3 Polarization
parameters for mild steel
corrosion in 1 M HCl and 0.5 M
H2SO4 solutions without and
with RL extract at 303 K
Systems bc (mV) ba (mV) Ecorr (mV) icorr (lA cm
-2) IEp%
1.0 M HCl 130.72 60.25 -460.93 628.17
50 mg L-1 RL 98.66 46.92 -467.35 287.89 54.17
1000 mg L-1 RL 127.59 71.25 -479.75 95.30 84.83
0.5 M H2SO4 135.24 62.32 -493.75 574.20
50 mg L-1 RL 130.46 52.62 -488.29 261.2 54.09
1000 mg L-1 RL 152.28 66.03 -480.42 84.63 85.26
Table 4 Inhibition efficiency (%) of RL extracts as inhibitor of mild
steel in 1 M HCl and 0.5 M H2SO4 solutions computed based on
different techniques
Systems Weight loss EIS PDP
1 M HCl
1000 mg L-1 80.92 83.70 84.83
50 mg L-1 78.40 51.54 54.17
H2SO4
1000 mg L-1 96.50 88.50 85.26
50 mg L-1 74.91 52.30 54.09














 1 M HCl
 0.5 M H2SO4
Fig. 5 Effect of time on the inhibition efficiency of RL from weight
loss data at 303 K during the corrosion of mild steel in 1 M HCl and
0.5 M H2SO4 solutions for 24 h immersion
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plots, the action of RL extract as a corrosion inhibitor for
mild steel in acidic solution can be attributed to strong
adsorption bond of a chemisorptive nature.













where h is the Plank’s constant, N is Avogadro’s num-
ber, S* is the entropy of activation and H* is the
enthalpy of activation. A plot of log(CR/T) versus
1/T gave a straight line with a slope of -H*/2.303R and
an intercept of log(R/Nh) ? S*/2.303R, from which the
values of S* and H* were calculated and listed in
Table 6. The positive signs of enthalpies (H*) obtained
in both systems reflects the endothermic nature of dis-
solution process. The shift towards negative value of
entropies (S*) at the optimum concentration imply that
the activated complex in the rate determining step rep-
resents association rather than dissociation, meaning that
disordering decreases on going from reactants to the
activated complex [45].
An estimate of the heat of adsorption (Qads) was
obtained from the trend of surface coverage with temper-
ature as follows [46–48]:







T2  T1 ;
ð11Þ
where h1 and h2 are the degree of surface coverage at
temperatures T1 and T2. The calculated values of both
parameters are given in Table 5. The positive values of
heats of adsorption (Qads) indicate that the degree of sur-
face coverage increased with rise in temperature again
suggesting that the effectiveness of RL with rise in tem-
perature [46–50].
Adsorption consideration
The mechanism of corrosion inhibition may be explained
on basis of adsorption behavior [37, 41]. Basic information
on the interaction between the inhibitor and the mild steel
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Fig. 6 Arrhenius plots for mild steel corrosion in a 1 M HCl and
b 0.5 M H2SO4 solutions without and with RL extract
Table 5 Effect of temperature on weight loss data during the corrosion of mild steel in 1 M HCl and 0.5 M H2SO4 solutions
Systems 303 K 313 K 323 K 333 K
CR (mg cm
-2 h-1) IE (%) CR (mg cm
-2 h-1) IE (%) CR (mg cm
-2 h-1) IE (%) CR (mg cm
-2 h-1) IE (%)
1 M HCl 0.0643 – 0.245 – 1.531 – 2.719 –
50 mg L-1 0.0349 45.80 0.110 55.11 0.577 62.31 0.998 63.38
1000 mg L-1 0.0284 55.90 0.092 62.89 0.263 82.87 0.366 86.53
0.5 M H2SO4 0.4667 – 1.940 – 3.669 – 7.054 –
50 mg L-1 0.1745 62.60 0.459 76.30 0.784 78.60 1.217 82.70
1000 mg L-1 0.0589 87.40 0.164 91.60 0.248 93.3 0.348 95.10
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this purpose, the values of the surface coverage (h) at
different concentrations of RL in both acid media in the
temperature range 303–333 K was used to explain the best
isotherm to determine the adsorption process.
The adsorption of inhibitor molecules on the metal
surface is a substitution process, during which the adsorbed
water molecules on the metal surface H2O(ads) are replaced
by inhibitor molecules Org(sol) [25].
OrgðsolÞ þ vH2O ! OrgðadsÞ þ vH2OðsolÞ; ð12Þ
where Org(sol) and Org(ads) are the organic molecules in the
aqueous solutions and adsorbed on the metallic surface,
respectively, H2O(ads) is the water molecules on the
metallic surface, x is the size ratio representing the number
of water molecules replaced by one molecule of organic
adsorbate.
Attempts were made to fit these h values to various
isotherm including Frumkin, Langmuir, Temkin. The best
fit was obtained with the Langmuir isotherm given by the
equation:
C=h ¼ 1=bþ C; ð13Þ
where C is the inhibitor concentration, b is the equilibrium
constant for the adsorption/desorption process. The rela-
tionship between C/h and C at 303 K for mild steel in 1 M
HCl and 0.5 M H2SO4 solutions with various concentra-
tions of the plant extract is shown in Fig. 7 with slopes of
1.09 and 1.02, respectively. As can be seen by the good fit,
RL extract as inhibitor obeys the Langmuir adsorption
isotherm. The strong correlation coefficient (R2 = 0.998)
for the Langmuir adsorption isotherm plot confirms the
validity of this approach.
Theoretical considerations
As it is often the case with biomass extracts, the multi-
component nature of RLE makes it rather difficult to
ascribe the observed inhibiting effect to any particular
constituents. Nevertheless, since corrosion inhibiting action
is often linked with the presence of polar heteroatoms, p-
bond conjugation, aromaticity, electron delocalization
regions, etc., it is possible to qualitatively predict the
adsorption behavior of extract components having chemi-
cal structures similar to those of conventional organic
molecules with previously established efficacy. Based on
this consideration, the chemical structures of MMF, DMT
and RBF recommend them for theoretical assessment of
corrosion inhibiting potential. The quantum-chemical
computations are not necessarily intended to provide
detailed description of the adsorption of the extract.
Instead, the idea is to recognize the relative contributions
of the different extract components through their individual
adsorption strengths and mechanisms.
The optimized structures, the HOMO and LUMO orbital
distributions for the three major RL active components are
shown in Fig. 8. Table 6 provides some quantum-chemical
Table 6 Values of activation parameters: Ea, DH*, DS*for mild steel in 1 M HCl and 0.5 M H2SO4 solutions at 50 and 1000 mg/L concen-




-1) DH* (kJ mol-1) DS* (J K-1 mol-1) Qads (kJ mol
-1)
1 M HCl 108.51 111.29 195.22 –
50 mg dm-3 97.40 100.06 152.81 19.99
1000 mg dm-3 72.76 75.20 69.98 45.39
0.5 M H2SO4 168.20 75.68 95.31 –
50 mg dm-3 121.50 55.54 19.93 29.35
1000 mg dm-3 109.94 50.38 5.71 28.79









slope = 1.09; R2= 0.9995
 0.5 M H2SO4




Fig. 7 Langmuir isotherms from weight loss data for adsorption of
RL extract on mild steel from 1 M HCl and 0.5 M H2SO4 solutions at
303 K
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parameters related to the molecular electronic structure of
the most stable conformation of the molecules. According
to the frontier orbital theory, EHOMO is often associated
with the electron donating ability of a molecule. High
values of EHOMO indicate a tendency of the molecule to
donate electrons to appropriate acceptor molecules with
low-energy, empty electron orbital. Similarly, ELUMO rep-
resents the ability of the molecule to accept electrons. The
lower the values of ELUMO, the more probable it is that the
molecule would accept electrons [1, 29, 30]. DE, the dif-
ference of ELUMO and EHOMO, is another important factor
that should be considered. It has been reported that low
values of DE will provide good IE, because the energy for
removing an electron from the last occupied orbital will be
low [51].
In Table 7, the values of EHOMO of the compounds
under consideration increased in the following order:
RBF[DMT[MMF. The values of DE decreased in
the following order: RBF[MMF[DMT. The
observed trend is not unexpected when we consider the
structure and size of the three compounds. RBF has the
size advantage as well as the presence polar heteroatoms
(N, O), p-bond conjugation, and aromaticity, the fea-
tures that enhance adsorption on metal surface and
hence IE. Between MMF and DMT, though DMT is
lager in size, the presence of p-bond probably made the
difference.
Molecular dynamics (MD) simulations were under-
taken to model the adsorption of the molecules on the
metal surface at a molecular level. This was achieved
using Forcite quench MD in the MS Modeling 4.0 soft-
ware to sample many different low energy configurations
and identify the low energy minima [36, 37]. Optimized
structures of RBF, DMT and MMF and the Fe surface
Fig. 8 Optimized structures and molecular orbital plots for: a MMF,
b DMT and c RBF (atom legend: white H, gray C, red O. The blue
and yellow isosurfaces depict the electron density difference, the blue
regions show electron accumulation, while the yellow regions show
electron loss. The green isosurfaces describe the Fukui functions,
color online)
Table 7 Quantum-chemical
parameters calculated at DFT
level using the Dmol3 (DND)
basis set for MMF, DMT and
RBF
Inhibitors EHOMO ELUMO DE Molecular weight (g M
-1) Binding energy (eV)
MMF -6.766 -3.530 3.236 130 -74.670
DMT -5.680 -0.224 5.453 182 -82.230
RBF -4.668 -1.908 2.76 258 -126.40
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were used for the simulation. Calculations were carried
out in a 9 9 7 supercell using the COMPASS force field
and the Smart algorithm. The Fe crystal was cleaved
along the (110) plane. Temperature was fixed at 350 K,
with NVE (microcanonical) ensemble. The time step was
1 fs and simulation time 5 ps. The system was quenched
every 250 steps. The optimized (lowest energy) adsorp-
tion model for single molecule of RBF on the Fe (110)
surface from the simulation is shown in Fig. 9. The
molecules can be seen to maintain a flat-lying adsorption
orientation on the Fe surface, with the regions of high
HOMO density acting as the adsorption sites. Using the
quench MD method above, we calculated the binding
energy (EBind) of each molecule on the Fe surface using
the following equation:
EBind ¼ Etotal  EMol þ EFeð Þ: ð14Þ
EMol, EFe and Etotal correspond respectively to the total
energies of the molecule, Fe (110) slab and the adsorbed
Mol/Fe (110) couple. In each case the potential energies
were calculated by averaging the energies of the five
structures of lowest energy, and a negative value of EBind
corresponds to a stable adsorption structure [52]. The
obtained values of the binding energy were -126.40,
-82.23 and -74.67 kcal/mol for RBF, DMT and MMF,
respectively. The higher stability of the adsorbed RBF
compared with MMF and DMT is attributable to the larger
size as well as the structure of the RBF molecule, which
makes a greater contribution to the observed inhibiting
effect of RL extract.
Mechanism of inhibition
The first stage in the action mechanism of inhibitor in acid
media is adsorption on the metal surface [53]. In most
inhibition studies, the formation of donor–acceptor surface
complexes between p-electrons of inhibitor and the vacant
d-orbital of metal were postulated [25, 40].
The major constituent of extract of RL is RBF [28],
whose structure is given in Fig. 8c. In the acid solution, due
to protonation of amine group, the inhibitor molecules get
adsorbed on the mild steel surface. The presence of het-
eroatoms atoms such N, O directly attached to the aromatic
ring enhances the availability of p-electrons to get bonded
to the vacant d-orbital of Fe. The high performance of RBF
could also be due to large size of this molecule which
covers wide areas on the metal surface and thus retarding
the corrosion [53, 54]. However, a synergistic effect of this
molecule with the other constituents may play important
role on the overall IE of RL extract.
Materials preparation
Corrosion experiments were performed on mild steel
specimens with weight percentage composition as follows;
C, 0.05; Mn, 0.6; P, 0.36; Si, 0.3 and the balance Fe. The
aggressive solutions were respectively 1 M HCl and 0.5 M
H2SO4 solutions prepared from analytical grade reagents.
Stock solutions of RL extract were prepared by boiling
weighed amounts of the dried and ground leaves of RL in
1 M HCl and 0.5 M H2SO4 solutions, respectively under
reflux for 3 h. The resulting solutions were cooled then
triple filtered. The amount of plant material extracted into
solution was quantified by comparing the weight of the
dried residue with the initial weight of the dried plant
material before extraction. From the respective stock
solutions, inhibitor test solutions were prepared in the
desired concentration range by diluting with the corre-
sponding aggressive solution.
Conclusion
RL functioned as a good inhibitor for the corrosion of mild
steel in 1 M HCl and 0.5 M H2SO4 solutions and the
inhibiting efficiency value increased with the inhibitor
concentration. The electrochemical impedance study
showed that corrosion inhibition of mild steel in both HCl
and H2SO4 solutions takes place by adsorption process.
Tafel polarization curves indicated that the RL acted as
mixed type in HCl but predominantly cathodic in H2SO4
solution. The adsorption of the RL on the mild steel surface
in acid solution obeyed Langmuir adsorption isotherm.
Fig. 9 Molecular dynamics model of the adsorption of a single
molecule of RBF on Fe (110) surface
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